The absorption and fluorescence spectra of a model diatomic molecule with a charge-transfer electronic transition are simulated. The effect of confining the solvent in which the diatomic molecule is dissolved is examined by comparing results for solutions contained within hydrophobic spherical cavities of varying size ͑radii of 10-20 Å͒. The effect of solvent polarity is also considered by comparing results of simulations with CH 3 I and CH 3 CN solvents. The spectra, solute radial and angular distribution functions, and free energy surfaces in the solvent and radial solute position coordinates are presented and discussed. It is found that the solute position in the cavity critically affects the absorption and fluorescence spectra and their dependence on cavity size. The implications of these results for time-dependent fluorescence measurements are discussed.
I. INTRODUCTION
It is now possible to synthesize nanometer-sized cavities in sol-gels, 1 zeolites, organic, and inorganic supramolecular assemblies, 2 reverse micelles, 3 vesicles, and even proteins. 4 This gives strong impetus to improving our understanding of chemical reactions and spectroscopy in nanoconfined solvents. For example, these cavities might serve as vessels in which chemical reactions take place in the small pool of solvent allowed in the restricted space. It is not difficult to imagine that the dynamics of such reactions can be significantly affected by the characteristics of the cavity including the size, shape, flexibility, and interactions with the solvent and/or reactants. Ideally, one wishes to control the chemistry not only by manipulating what species are allowed in the cavity but also by designing the cavity properties. However, to accomplish this a better understanding of the effect of nanoscale confinement and the cavity characteristics on reactivity and spectroscopy is needed. Chemical processes that are strongly coupled to the solvent, typically those involving charge transfer such as electron and proton transfer reactions, 5, 6 should be most affected by confinement of the solvent. Thus they should exhibit some of the most interesting phenomena and provide the greatest opportunity for manipulating the chemistry. For these processes the limited number of solvent molecules, geometric constraints of a nanocavity, and solvent cavity interactions may have dramatic effects on both the energetics and dynamics. This is one of the motivations for the study of charge-transfer spectra presented in this paper.
The structure and dynamics of solvents in nanocavities of various types have attracted increasing attention in recent years. 3, There have been numerous experimental studies of confined neat liquids [7] [8] [9] and of solutes in confined solvents. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Of particular interest for the present work are several investigations of solvation dynamics in a wide variety of nanocavity systems that have probed the timeindependent and time-dependent spectroscopy [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] of chromophores dissolved in the confined solvents.
There have been relatively few studies that compare the solvation dynamics in a range of confinement frameworks. One example is the work of Bhattacharyya and co-workers who have measured the time-dependent Stokes shift ͑with ϳ80 ps resolution͒ of the same dye molecule, Coumarin 480, in solventless zeolites, 10 aqueous micelles, 11 and in water pools in a sol-gel matrix 12 and vesicles. 13 Due to their limited time resolution they are only able to probe longer-time solvation dynamics which they found depend strongly on the environment. For example, the long-time decay is ϳ0.8 ns in the sol-gel matrix, 12 0.6 -2.4 ns in micelles ͑using different surfactants͒, 11 11 ns in vesicles, 13 and ϳ15.4 ns in the solventless zeolites. 10 ͑The solvent relaxation dynamics for Coumarin 480 in bulk aqueous solution takes place in 310 fs. 39 ͒ Clearly, the presence of a solvent and the constraints placed on the solvent by the structured environment strongly modify the solvation dynamics.
Levinger and co-workers 14 -20 have carried out timedependent fluorescence experiments on a variety of reverse micelles using Coumarin 343 as a probe molecule. They found that the solvation dynamics occur on multiple time scales and are slower than in bulk or electrolyte solutions with the longest time constant ϳ100-350 ps. [15] [16] [17] [18] They have investigated the effect of changing the identity or presence of the counterion, 15, 19 the polar solvent in the reverse micelle interior, 16, 20 and the surfactant molecule. 17, 18 They attribute the solvation dynamics to different water types present in the reverse micelle. The relative proportion of these water types depends on the water content, and hence the size, of the reverse micelle. Based on comparisons with electrolyte solutions they assert that the solvation dynamics in the reverse micelles is not governed solely by water-ion interactions but involves a significant contribution from the restricted environment. 15, 18 Theoretical work on confined solvents has focused primarily on the structure and dynamics of pure solvents 30, 34, 37 or reverse micelle systems [32] [33] [34] [35] with only a few studies of solvation dynamics, 31, 35, 36 most notably recent work by Bagchi and co-workers, 31 Senapati and Chandra, 36 and Faeder and Ladanyi. 35 Senapati and Chandra 36 were apparently the first to simulate the solvation dynamics in a nanoconfined solvent. Their system consisted of a Stockmayer fluid in a spherical nanocavity ͑similar to the one used here͒ and a LennardJones solute that is charged ͑excited state͒ or neutral ͑ground state͒. They found that the solvation dynamics in a nanocavity exhibits a similar inertial relaxation, though with a smaller amplitude, to that in the bulk solvent. In contrast, the long-time relaxation is ϳ4 times slower in the nanocavity than in the bulk.
More recently, Faeder and Ladanyi 35 simulated timedependent fluorescence dynamics in model aqueous reverse micelles and hydrophobic cavities. Their hydrophobic cavity model, 34 developed by Linse and Halle, 33 is the same as that used here; the reverse micelle model consists of the same cavity framework with anionic headgroups and cationic counterions added. 34 The solvation dynamics were studied using an anionic diatomic probe molecule with symmetrically ͑ground state, ϭ0͒ or asymmetrically ͑excited state, ϭ7.76 D͒ distributed charge. They simulated the solvation dynamics for the first 2 picoseconds after excitation and obtained results that were relatively independent of the size of the reverse micelle. In addition, the dynamics in the model reverse micelles were very similar to those in the hydrophobic cavities.
Recently, Turner et al. 38 used a transition state theory approach to calculate reaction rate constants for the H 2 ϩI 2 →2HI reaction in confined solvents. However, they considered only one polar solvent and assumed that the reactant and transition state geometries and the activation barrier were unaffected by the solvent. As a result, their study only examined the case where the reaction was weakly coupled to the solvent and they found weak solvent effects on the reaction rate constant.
In this paper simulations of the absorption and fluorescence spectra of a solute molecule with a charge-transfer transition are presented. This represents one of the simplest and most generic examples of a process that is strongly affected by the solvent. A fundamental understanding of charge-transfer spectroscopy in nanoconfined solvents may impact many areas of chemistry by providing important insights into the larger class of solvent-coupled processes. These investigations will help to uncover some of the possible phenomena that might be observed and to determine the effect of the various cavity characteristics on reaction dynamics and spectroscopy.
The remainder of this paper is structured as follows: The model solute, solvent, and nanocavity system is described in Sec. II. The details of the application of the Monte Carlo simulation method to calculate the spectra, distribution functions, and free energies are given in Sec. III. The results of the simulations are presented and discussed in Sec. IV. Finally, some concluding remarks are offered in Sec. V.
II. NANOCAVITY SYSTEM
In this paper simulations of a solute dissolved in a solvent confined inside a spherical nanocavity are presented.
The solute is a model diatomic molecule ͑hereafter denoted as AB) with parameters adapted from a system used previously by Carter and Hynes. 40 It consists of Lennard-Jones and Coulombic interactions; the model parameters are given in Table I . The Lennard-Jones parameters are the same for A and B, and are independent of the electronic state. The two electronic states are related by a charge-transfer transition with the ground state relatively neutral ͑ϭ1.44 D͒ and the excited state quite polar ͑ϭ7.1 D͒. For generality the electronic structure is described in terms of a two valence-bond state model with each valence-bond state having fixed charges and the excited state 2 eV higher in energy than the ground state. However, the electronic coupling between the valence-bond states is taken to be only 0.01 eV so that these charges are essentially those of the ground and excited states, respectively. Thus, these simulations involve effectively fixed charges in the two electronic states.
Simulations have been carried out with CH 3 I and CH 3 CN solvents. These solvents have been chosen because the molecules are structurally similar but the dielectric constants are significantly different: ⑀ϭ7 for CH 3 I and ⑀ϭ35 for CH 3 CN. Interaction potentials, consisting of Lennard-Jones and Coulombic interactions, have previously been developed for these molecules. We have used the rigid molecule models of Freitas et al. 41 for CH 3 I and Jorgensen and Briggs 42 for CH 3 CN. In both interaction models the methyl groups are treated as a ''unified atom.'' The parameters defining the interaction models for the solute and solvent molecules are given in Table I .
The interactions of the solute and solvent molecules with the cavity walls involve only Lennard-Jones interactions. We adopt the model developed by Linse 
III. MONTE CARLO SIMULATIONS
Monte Carlo simulations of a single solute molecule in nanoconfined CH 3 I and CH 3 CN solvents were carried out and the results, including the absorption and fluorescence spectra, distribution functions, and free energies, are presented in Sec. IV. Solute molecules in both the ground and excited states in nanocavities of varying size were simulated, providing absorption and fluorescence spectra as well as distribution functions and free energies useful in interpreting the spectra. All simulations were carried out at a temperature of 298 K. The absorption and fluorescence spectra are calculated by a golden rule approach, in which the spectral intensity is given by 43 I͑ ͒ϰ͉͗ ex,gr ͉ 2 ␦͑E ex ϪE gr Ϫប ͒͘.
͑3.1͒
Here ͗¯͘ indicates a thermal average with the solute in the ground ͑excited͒ state for the absorption ͑fluorescence͒ spectrum and ex,gr is the transition dipole moment. The transition dipole moment is that for a two valence-bond state model, however, due to the small electronic coupling, it is essentially constant in these simulations. Thus, the spectra represent the distribution of energy gaps, E ex -E gr , experienced by the solute due to interactions with the surrounding solvent. ͑The cavity wall interactions with the solute are identical for the ground and excited states.͒ The primary focus here is on the position and widths of the spectra, not the relative intensities. Hence the proportionality constant implicit in Eq. ͑3.1͒ is taken such that I( max )ϭ1, where max is the frequency at which the intensity is a maximum.
The simulations in confined solvents are initiated from a bulk solvent configuration. The number of molecules, N mol , to be enclosed in the cavity is calculated from the desired density. ͑Table II lists the number of molecules for each solvent and cavity size.͒ Then N mol molecules are selected from the bulk solvent configuration by including those that fall inside a spherical cavity. The center of the spherical cavity is chosen such that the solute is included, however the distance of the solute from the center is chosen randomly. Initially, the cavity radius is made large enough to include N mol molecules even when this is greater than the final desired radius. The radius is then reduced during a warm-up period in which it is reduced by 0.1 Å every 100 cycles ͑1 cycleϭN mol steps͒. Once the desired radius is reached, the equilibration continues until a total of 400 000 cycles have been completed, followed by 4 000 000 ͑3 000 000͒ cycles for the CH 3 I (CH 3 CN) simulations during which data is collected.
A. Free energies
Free energy surfaces as a function of the solute position are calculated using thermodynamic integration. 44, 45 This approach is necessary to accurately obtain the free energy at radii where the solute molecule is infrequently found. In this approach, a Monte Carlo simulation is carried out with the solute molecule frozen at a fixed position in the cavity and the average radial force on the solute molecule center-ofmass,
͵ dq ͵ dp e
is calculated, where r is the distance of the solute center-ofmass from the center of the spherical cavity. The Helmholtz free energy can then be obtained by integration of the average force over the radial distance,
͑3.3͒
In practice, the average force is calculated at 0.25 Å intervals in the radial coordinate. Each Monte Carlo simulation to calculate the average force consists of 400 000 equilibration cycles and 2 000 000 cycles over which the average is computed.
Two-dimensional free energy surfaces as a function of the solute radial coordinate and collective solvent coordinate are calculated from this same set of simulations. The solvent coordinate is defined as the difference in the ground and excited state interaction energies between the solute and the solvent. Since the only difference between the ground and excited state interactions of the solute molecule with the solvent molecules is due to the different charges, the solvent coordinate can be calculated as
where E gr and E ex are the ground and excited state energies. Thermodynamic integration is not used to compute the free energy as a function of the solvent coordinate. Rather, a straightforward histogram approach is used. For each simulation with a solute molecule fixed at a specific value of r, required for the thermodynamic integration discussed above, we histogram the occurrences of the solvent coordinate values. This gives a distribution function of the solvent coordinate, P(⌬E;r), from which the free energy can be obtained as ⌬A͑⌬E;r ͒ϭϪk B T ln P͑⌬E;r ͒. ͑3.5͒ This approach only allows an accurate calculation of the free energy surface near the equilibrium value of the solvent coordinate.
IV. RESULTS AND DISCUSSION
A. Absorption and fluorescence spectra
CH 3 I solvent
The absorption and fluorescence spectra for a single solute molecule in CH 3 I solvent in cavities of radius R cav ϭ10, 12, 15, and 20 Å are shown in Fig. 1͑a͒ . Clearly, the absorption and fluorescence spectra have distinctly different behavior as a function of the nanocavity size. The fluorescence spectrum shifts consistently to the red ͑longer wavelengths͒ with increasing cavity radius. The fluorescence maximum is max ϭ776, 790, 798, and 804 nm for R cav ϭ10, 12, 15, and 20 Å, respectively. In contrast, the absorption spectrum changes little with increasing cavity radius; the absorption maximum is within 1 nm of max ϭ643 nm for all cavity radii. The width of the absorption spectrum is also essentially independent of the size of the nanocavity, the full width at half maximum is ϳ65 nm for all cavity radii. The fluorescence spectra are significantly broader than the absorption spectra but the widths are also fairly independent of cavity size at ϳ123 nm.
The fluorescence spectra are consistent with the intuitive idea that the solvent polarity increases with the cavity size and the number of solvent molecules. The dependence of the solvent polarity on the cavity size was calculated in a previous theoretical study by Senapati and Chandra 37 of the dielectric constant of confined water in similar spherical nanoscale cavities. Using the SPC/E water model for which the bulk dielectric constant is ⑀ϭ72, they found that the dielectric constant increased from ⑀ϭ39 for a 6.1 Å radius cavity to ⑀ϭ60 for a 12.2 Å radius cavity. 37 Thus, making the cavity bigger is analogous to increasing the solvent polarity in a bulk system. The shifts in the fluorescence spectrum as the cavity radius is increased can therefore be attributed to the better solvation associated with a larger, and perhaps less constrained, solvent pool. This argument should apply equally well to the absorption spectrum yet this is not observed. Additional information is necessary to understand this difference between the absorption and fluorescence spectra as discussed in Sec. IV B.
CH 3 CN solvent
The absorption and fluorescence spectra for a solute molecule in CH 3 CN solvent are shown for R cav ϭ10, 12, and 15 Å in Fig. 1͑b͒ . The dependence of the absorption and fluorescence spectra on the cavity radius is qualitatively the same as for the CH 3 I solvent. Specifically, the fluorescence spectrum shifts to longer wavelengths with increasing cavity size while the absorption spectrum is hardly affected. The maximum in the fluorescence spectrum occurs at max ϭ869, 888, and 893 nm for R cav ϭ10, 12, and 15 Å, respectively. The maximum in the absorption spectra is within 1 nm of max ϭ650 nm for each cavity radius. Thus, the solvent polarity does not qualitatively affect the spectra. The primary quantitative difference is that the spectra are shifted to longer wavelengths, by ϳ7 and ϳ100 nm for the absorption and fluorescence spectra, respectively. This result is the same as would be expected for bulk solvents as the polarity is increased. The spectra of the solute in CH 3 CN are also broader than those in the CH 3 I solvent, with absorption and fluorescence spectrum full widths at half maximum of ϳ80 and ϳ180 nm, respectively.
B. Solute radial densities

CH 3 I solvent
The probability distributions for the solute molecule center-of-mass position are shown in Fig. 2 as a function of the distance from the cavity wall. Distributions are given for the molecule in its ground and excited states and for cavities of radius 10, 12, 15, and 20 Å. These distributions are normalized so that the integral of the probability distribution over all radial distances ͑i.e., the probability of finding the solute molecule in the cavity͒ is one. It is important to note that these distributions are representative of the solute positions that contribute to the absorption and fluorescence spectra. It is for this reason that we plot the probability distribu- tion rather than the radial density, (r). Note that the fall-off in the distributions at large distances from the wall, i.e., those approaching R cav , is due to the decrease in the available volume for the solute molecule.
Focusing first on the probability distributions for the solute in its ground electronic state, shown in Fig. 2͑a͒ , the most probable solute molecule position is near the cavity wall, independent of the cavity radius. However, the distribution is broader for larger cavity radii, indicating that the probability of finding a solute molecule away from the wall increases with cavity size. It is important to note that there are two effects that contribute to this probability distribution: the space available for the solute molecule at a given distance from the center of the cavity ͑which is proportional to 4r
2 ) and the dependence of the free energy on the solute position ͑considered in Sec. IV D͒. Obviously, there is more space available for the solute molecule near the cavity wall than near the center of the cavity and this contributes to the large probability of finding the solute molecule near the wall. However, as discussed in Sec. IV D free energy considerations play a role here as well.
The probability distributions for the solute molecule in its excited electronic state, shown in Fig. 2͑b͒ , are distinctly different than those for the ground state. The most probable location of a solute molecule in the excited state is in the interior of the cavity. As the cavity size is increased, the most probable position for the solute moves farther from the wall and the distribution broadens. For the smaller cavities, R cav ϭ10 and 12 Å, there is still a significant probability of finding the solute near the cavity wall. However, this probability decreases as the cavity size increases and for a 20 Å radius cavity is quite small. Since the interactions of the solute in its ground and excited state are the same except for the atomic charges, the differences in the probability distributions between the electronic states can only be due to electrostatic effects. The large charges of the excited state solute molecule are better solvated in the cavity interior, surrounded by a complete shell of solvent, than near the cavity wall.
The different dependence of the absorption and fluorescence spectra on the cavity size can be attributed to the distinctly different distributions of solute positions in the ground and excited states. Since the most probable solute position is against the cavity wall in the ground state its environment, consisting of only a partial solvation shell, does not change much with R cav . This is reflected in the absorption spectrum which is effectively independent of the cavity radius. On the other hand, the solute is primarily in the cavity interior in the excited state and the position distribution shifts further from the wall as R cav increases. This shifting of the distribution and the increasing effective solvent polarity with increasing cavity radius 37 lead to a consistent redshift in the fluorescence spectrum.
CH 3 CN solvent
The probability distributions for the solute molecule position as a function of distance from the cavity wall are shown in Fig. 3 for R cav ϭ10, 12, and 15 Å. These distributions are qualitatively the same as for a solute molecule in CH 3 I solvent. Specifically, the ground state probability distribution, shown in Fig. 3͑a͒ , is sharply peaked near the cavity wall for all cavity sizes. The distribution becomes broader and the maximum shifts slightly to longer distances as the cavity radius is increased.
The probability distributions for the excited solute, shown in Fig. 3͑b͒ , indicate that the molecule is most likely to be found in the interior of the cavity independent of the radius. As for the CH 3 I results, the distribution broadens and the probability of finding the solute near the wall decreases as R cav increases. In addition, there is a slight shift in the position of the largest peak toward greater distances from the wall.
Based on the comparison of the simulation results with these two solvents with roughly equal numbers of molecules in the cavity, the solvent polarity has a very small effect on the solute radial probability distributions. There are no qualitative differences and the quantitative differences are minor. The effect of the solvent polarity is discussed further in Sec. IV D where the free energy as a function of the solute position in the cavity is considered. 
C. Solute angular distributions
The probability distributions for the angle of the solute molecule bond with the surface normal of the cavity wall are shown in Fig. 4 . The distributions are shown as a function of cos for the solute in the ground and excited electronic states in CH 3 I solvent in cavities of radius 10, 12, 15, and 20 Å. The angle is that between the vector from the molecule center-of-mass to the nearest point on the cavity wall and the A -B vector. It is defined such that cos ϭ1 ͑cos ϭϪ1͒ corresponds to the AB molecule perpendicular to the cavity wall with B(A) nearest the wall. The solute bond parallel to the wall corresponds to cos ϭ0.
For a solute molecule in the ground state the angular probability distribution is centered about cos ϭ0, indicating that the most probable orientation is parallel to the cavity wall. This result is consistent with the radial probability distributions discussed in Sec. IV B in that a solute molecule near the cavity wall ͑the most likely position in the ground state͒ would be expected to lie parallel to the uncharged wall. The angular distribution is slightly asymmetric with a small preference for the negatively charged B to be closer to the wall. In addition, the angular distribution broadens as the cavity radius is increased. This is also consistent with the radial distributions which broaden as the cavity size is increased. Thus the angular distributions shown in Fig. 4͑a͒ reflect the greater probability in larger cavities of finding the solute in the cavity interior and indicate that in the cavity interior any orientational preference is at best significantly weaker.
The angular distributions for the excited state solute molecule, shown in Fig. 4͑b͒ , are more uniform than those for the ground state. A distribution for a molecule with no preferential orientation would be a constant value of 0.5 for all cos values and this limit is approached for R cav ϭ20 Å. The distributions for all cavity sizes indicate that the orientation of the solute molecule is more likely to have the negatively charged B atom pointing toward the cavity wall. This preferential orientation becomes less pronounced as the cavity size increases. In contrast to the distributions for the ground state solute molecule, only for the 10 Å cavity is there a significant peak at cos ϭ0. For this cavity radius, the most probable solute molecule orientation is parallel to the wall. This is a reflection of the greater likelihood of finding the solute molecule near the wall for R cav ϭ10 Å, as shown in Fig. 2͑b͒ . 
D. Free energy versus solute position
The Helmholtz free energy as a function of the distance of the solute center-of-mass from the cavity wall in CH 3 I solvent is shown in Fig. 5 for R cav ϭ10, 12, and 15 Å. Analogous free energy curves are shown in Fig. 6 for the CH 3 CN solvent for R cav ϭ10 and 12 Å. Results are presented for both ground and excited state solute molecules. The minimum in each free energy curve has been set to zero for purposes of comparison.
As noted in Sec. III A, the free energies presented here are calculated by thermodynamic integration. The free energies can also be calculated from the probability distributions shown in Figs. 2 and 3 in a manner analogous to that used for the solvent coordinate ͓see Eq. ͑3.5͒ and Sec. IV E͔. The free energy as a function of the solute position obtained in this way is in good agreement with the results obtained by thermodynamic integration except for positions where the probability of finding the solute is small ͑e.g., in the ground state at large distances from the cavity wall͒. The sampling in these regions is insufficient to accurately obtain the free energy, thus we have used thermodynamic integration which does not suffer from this difficulty.
Ground state
For the ground state solute molecule the position of the global minimum in the free energy surface is relatively independent of the cavity size, occurring at a distance of ϳ4.25 Å from the cavity wall for R cav ϭ10 and 12 Å and at ϳ4.5 Å for R cav ϭ15 Å. There is a free energy barrier, or local maximum, for the solute to move into the interior of the cavity at ϳ7 Å for R cav ϭ10 and 12 Å and at ϳ7.25 Å for R cav ϭ15 Å. The height of this barrier decreases with the cavity size and is ϳ1.1, 0.75, and 0.5 kcal/mol for R cav ϭ10, 12, and 15 Å, respectively. This barrier and the undulations in the free energy curves at large distances reflect the ordering of the solvent into layers near the solvent-cavity wall interface.
The small charges on the ground state solute molecule mean that it has a smaller dipole moment than a solvent molecule. As a consequence, the free energy is lowest when the less polar solute is near the hydrophobic ͑uncharged͒ wall and only solvent molecules are in the cavity interior. That is, the solvent prefers to solvate another solvent molecule in the cavity interior rather than the solute molecule. As illustrated in Figs. 2 and 5 this preference becomes weaker as the cavity radius is increased. Even for the smallest cavity the free energy difference for a solute molecule near the wall versus in the cavity interior is less than 1 kcal/ mol, not a large difference given that k B Tϳ0.6 kcal/mol. The strongly peaked probability distributions shown in Fig. 2 therefore can be attributed to a cooperation between the energetic effects and the available space at a given radial position in the cavity.
The free energy curves for the ground state solute molecule in the CH 3 CN solvent shown in Fig. 6͑a͒ are qualitatively the same as the CH 3 I solvent results. Relatively small quantitative differences exist in the position of the global minimum and the height of the barrier to movement of the solute into the cavity interior. The free energy is a minimum at a distance of ϳ4.0 and 4.25 Å for the 10 and 12 Å radius cavities, respectively. This is 0.25 Å closer to the wall than in the CH 3 I solvent for the 10 Å radius cavity and the same for the 12 Å cavity. The barrier occurs at ϳ7.0 and 7.5 Å with a height of 1.2 and 0.9 kcal/mol for R cav ϭ10 and 12 Å, respectively. This is 0.1-0.15 kcal/mol higher than in the CH 3 I solvent. These results indicate that for a ground state solute molecule the primary effect of the solvent polarity is to hold the molecule more tightly to the wall. However, the energy differences involved are relatively small despite the large change in solvent polarity ͑⑀ϭ7 for CH 3 I and ⑀ϭ35 for CH 3 CN).
Excited state
The minimum in the free energy for the excited state molecule occurs in the cavity interior for every cavity radius considered as can be seen in Fig. 5͑b͒ . The minimum for the R cav ϭ10 Å cavity occurs at the largest distance from the wall for which we have calculated the free energy, 8.0 Å. For the 12 and 15 Å radius cavities, the global minima occur at 9.0 and 12.75 Å, respectively, though the free energy curve is relatively flat in the cavity interior. In sharp contrast to the ground state free energy curves there is a significantly unfavorable free energy for the solute near the cavity wall which increases with R cav . The energy is lower for the solute in the cavity interior relative to near the cavity wall by ϳ1.2, 1.5, and 1.7 kcal/mol for R cav ϭ10, 12, and 15 Å, respectively. The dipole moment of the solute in the excited state is significantly larger than the dipole moment of a solvent molecule. Thus, the excited state solute with a large dipole moment is best solvated in the interior where it is surrounded by a full solvent shell. It is more favorable for the solvent to solvate the excited state solute than a solvent molecule. The probability distributions shown in Figs. 2͑b͒ and 3͑b͒ are the result of competition between the free energy considerations and the 4r 2 factor accounting for the available space. As for the ground state solute results, the free energy curves are qualitatively the same for the CH 3 I and CH 3 CN solvents. The free energy in the CH 3 CN solvent shown in Fig. 6͑b͒ is only weakly dependent on the cavity radius. It has a global minimum in the interior of the cavity for both R cav ϭ10 and 12 Å and a significant barrier for the solute to be at the cavity wall. This barrier is ϳ1.5 kcal/mol for both cavity radii shown; this is 0.3 kcal/mol higher than for the CH 3 I solvent for R cav ϭ10 Å and roughly the same for the two solvents for R cav ϭ12 Å. Thus, the higher polarity of the CH 3 CN solvent results in a greater preference for the excited state solute to be in the cavity interior but this polarity effect becomes less pronounced for larger cavity radii. This effect can also be seen in the solute radial probability distributions shown in Figs. 2͑b͒ and 3͑b͒.
E. Free energy surfaces
Two-dimensional free energy surfaces as a function of the solute distance from the cavity wall and the collective solvent coordinate are shown as contour plots in Fig. 7 . These free energy surfaces present a more complete picture of the system than can be obtained from one-dimensional plots of the free energy as a function of the solvent coordinate alone. This is particularly important in attempting to infer something about the time-dependent fluorescence based on the present results. Note that the position of the free energy minimum changes between the ground and excited states in both the solute position ͑as seen in Sec. IV D͒ and the solvent coordinate. Thus, upon excitation from the ground state both the solvent coordinate and the solute position will have nonequilibrium values in the excited state. The subsequent relaxation dynamics would then be expected to involve the usual solvent reorientation and movement of the solute toward the interior of the cavity. We would expect that the solvent reorientation dynamics should occur on a significantly faster time scale than the solute motion ͑which will be diffusive in nature͒. This would lead to solvation dynamics occurring on multiple time scales; this is a common observation in experimental studies of solvation dynamics in confined solvents. However, to our knowledge no solvation dynamics have previously been associated with the diffusive movement of the solute in either experimental or theoretical studies. We are currently carrying out molecular dynamics simulations of the time-dependent fluorescence to verify this prediction. Whether this phenomenon is occurring in confined solvent systems that have been or are being investigated experimentally is unclear at present. However, even if this is not the case, one could imagine designing confined solvent/solute systems that will exhibit such behavior. One caveat is that the solute position distributions depend on the geometry of the nanocavity ͑e.g., cylindrical versus spherical͒, an effect that we are currently investigating.
It is useful to discuss this prediction in the context of the two previous simulations of time-dependent fluorescence in nanoconfined solvents. Senapati and Chandra chose an atomic solute with an electronic transition that involved the creation of a charge. 36 It seems likely that they would have observed similar behavior to that predicted here if they had not fixed the position of the solute near the cavity wall in their simulations. Faeder and Ladanyi simulated the timedependent fluorescence of a model solute quite similar to that used here, including a charge-transfer transition with a comparable change in the dipole moment. 35 However, their solute was an anion and therefore had strong interactions with the solvent in both the ground and excited states. Hence, they did not observe a significant dependence of the distribution of solute positions on the electronic state.
It is apparent from Fig. 7 that the equilibrium value of the solvent coordinate depends strongly on the solute position in the excited state. This should also affect the relaxation dynamics probed in time-dependent fluorescence experiments. In the ground state the shift is significantly smaller. Furthermore, the force constant for motion in the solvent coordinate also appears to depend upon the solute position. This is verified by taking slices through the free energy surface along the solvent coordinate for different solute positions. Three such slices are presented for the ground and excited state in Fig. 8 . The calculated free energies are indicated by the symbols and quadratic fits to the data are shown as lines. In all cases the quadratic fits describe the calculated free energy curves well. From these quadratic fits we can extract a force constant in the solvent coordinate that depends on the solute position, k s (d):
where dϭR cav Ϫr is the distance of the solute center-of-mass from the cavity wall. This force constant is a measure of how tightly the solvent coordinate is held to its equilibrium value or alternatively, the difficulty for the solvent to undergo a fluctuation away from equilibrium with the solute charges. These results for the dependence of the solvent force constant as a function of the solute position suggest that the solvent molecules that surround the solute when it is near the cavity wall are more constrained due to interactions with the cavity surface. Naturally, these constraints are more weakly felt in the cavity interior where the behavior may be expected to be more like that in a bulk solvent. Previously, Carter and Hynes 40 observed in bulk solvent simulations that the solvent force constant is larger in the excited state than in the ground state for a charge-transfer transition. The present force constants at dϭ11.5 Å are consistent with this result. At distances closer to the wall the constraints imposed by the cavity surface appear to dominate since no difference is observed in the force constants in the ground and excited states. 
V. CONCLUDING REMARKS
We have carried out simulations of the absorption and fluorescence spectra of a model diatomic solute with a charge-transfer transition in spherical hydrophobic nanocavities. The absorption and fluorescence spectra have a different dependence on the cavity size. The fluorescence spectrum is redshifted as the cavity radius is increased while the absorption is essentially unchanged. This behavior is attributed to the difference in the distribution of solute molecule positions probed in the absorption and fluorescence spectra. In the less polar ground state the solute is more likely to be found near the cavity wall whereas in the polar excited state the most probable solute position is in the cavity interior.
The probability distributions of the solute position are determined by two factors: the energetics and the available space. We have separated these contributions by calculating the free energy as a function of the solute center-of-mass position. For a ground state solute the free energy is a minimum near the cavity wall, while for an excited state solute it is a minimum in the cavity interior. The space available for a solute molecule a distance r from the center of the cavity is proportional to 4r 2 for the spherical nanocavities considered here. Thus, the two factors cooperate for a ground state solute leading to position distributions strongly peaked near the cavity wall. In contrast, the two factors compete in the case of an excited state solute with free energy considerations favoring positions in the cavity interior while the available space for the solute is greatest near the wall.
The effect of solvent polarity has been examined by the comparison of simulations with CH 3 I solvent ͑⑀ϭ7͒ and CH 3 CN solvent ͑⑀ϭ35͒. The absorption and fluorescence spectra of a solute in CH 3 CN are shifted to the red of those with CH 3 I solvent. However, we found no qualitative differences in the shifts in the spectra with R cav , in the solute distribution functions, or in the free energy as a function of solute position. In addition, the quantitative differences are relatively small.
Free energy surfaces as a function of the solute position and a collective solvent coordinate have been calculated and exhibit differences in the equilibrium positions of both coordinates between the ground and excited states. Based on this, we predict that the solvation dynamics will involve not only solvent reorientational motion but also physical movement of the solute from near the cavity wall toward the cavity interior. To our knowledge this is the first time such a phenomenon has been suggested. Molecular dynamics simulations are currently underway to test this prediction.
The two-dimensional free energy surfaces were also used to calculate the force constant in the solvent coordinate as a function of the solute position. This force constant increases as the solute distance from the cavity wall decreases indicating that the solvent is less constrained in the cavity interior than near the cavity surface. This result has implications for how solvent-driven reactions might proceed in nanoconfined solvents, e.g., electron or proton transfer reactions for which the reaction coordinate is a solvent coordinate analogous to the one used here. These effects will be examined in future work.
The diversity among nanocavities ͑e.g., in their size, shape, dimensionality, flexibility, and interactions with the solvent, solute, and/or counterions͒ makes it difficult to translate studies of one system into predictions for another. While the important variable of cavity size is explored here, simulations on only one nanocavity type-rigid, spherical hydrophobic cavities-are presented. A great deal more investigation will be required to develop a unified understanding of the chemical dynamics in the diverse set of confinement frameworks.
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